Context. The study of the signatures of multimodality in groups and clusters of galaxies, an environment for most of the galaxies in the Universe, gives us information about the dynamical state of clusters and about merging processes, which affect the formation and evolution of galaxies, groups and clusters, and larger structures -superclusters of galaxies and the whole cosmic web. Aims. We search for the presence of substructure, a non-Gaussian, asymmetrical velocity distribution of galaxies, and large peculiar velocities of the main galaxies in clusters with at least 50 member galaxies, drawn from the SDSS DR8. Methods. We employ a number of 3D, 2D, and 1D tests to analyse the distribution of galaxies in clusters: 3D normal mixture modelling, the Dressler-Shectman test, the Anderson-Darling and Shapiro-Wilk tests, as well as the Anscombe-Glynn and the D'Agostino tests. We find the peculiar velocities of the main galaxies, and use principal component analysis to characterise our results. Results. More than 80% of the clusters in our sample have substructure according to 3D normal mixture modelling, and the DresslerShectman (DS) test shows substructure in about 70% of the clusters. The median value of the peculiar velocities of the main galaxies in clusters is 206 km/s (41% of the rms velocity). The velocities of galaxies in more than 20% of the clusters show significant nonGaussianity. While multidimensional normal mixture modelling is more sensitive than the DS test in resolving substructure in the sky distribution of cluster galaxies, the DS test determines better substructure expressed as tails in the velocity distribution of galaxies (possible line-of-sight mergers). Richer, larger, and more luminous clusters have larger amount of substructure and larger (compared to the rms velocity) peculiar velocities of the main galaxies. Principal component analysis of both the substructure indicators and the physical parameters of clusters shows that galaxy clusters are complicated objects, the properties of which cannot be explained with a small number of parameters or delimited by one single test. Conclusions. The presence of substructure, the non-Gaussian velocity distributions, as well as the large peculiar velocities of the main galaxies, shows that most of the clusters in our sample are dynamically young.
Introduction
Most galaxies in the Universe are located in groups and clusters of galaxies, which themselves reside in larger systems -in superclusters of galaxies or in filaments crossing underdense regions between superclusters (Jõeveer et al. 1978; Gregory & Thompson 1978; Zeldovich et al. 1982; de Lapparent et al. 1986 ). In the ΛCDM concordance cosmological model the structures forming the cosmic web grow by hierarchical clustering driven by gravity (see, e.g., Loeb 2002 Loeb , 2008 , and references therein). The present-day dynamical state of clusters of galaxies depends on their formation history. Signatures of multimodality in the distribution of galaxies in clusters (the presence of substructure, several galaxy associations within clusters, non-Gaussian velocity distributions of galaxies, and large peculiar velocities of the main galaxies) are indicators of former or ongoing mergers in groups and clusters, which affect the formation Send offprint requests to: M. Einasto and evolution of galaxies (Bird & Beers 1993; Pinkney et al. 1996; Knebe & Müller 2000) . These mergers have shaped the properties of galaxies in groups and clusters, as, e.g., the wellknown morphological segregation effect (Einasto et al. 1974; Dressler 1980; Einasto & Einasto 1987; Berrier et al. 2009; Huertas-Company et al. 2009 ). Substructure affects estimates of several cluster characteristics, the dynamical mass and massto-light ratio among others (Biviano et al. 2006; Niemi et al. 2007; Piffaretti & Valdarnini 2008; Holopainen et al. 2008; White et al. 2010; Power et al. 2011, and references therein) . Detailed knowledge of the properties of clusters of galaxies is needed for comparison of observations with N-body models of the formation and evolution of cosmic structures, to test the cosmological models (Thomas et al. 1998; Araya-Melo et al. 2009 ).
To search for signatures of multimodality in galaxy clusters a number of 3D, 2D, and 1D methods have been proposed, including the Dressler-Shectman test (Dressler & Shectman 1988; Knebe & Müller 2000) , the hierachical clustering method (Serna & Gerbal 1996; Durret et al. 2010) , wavelet analysis (Flin & Krywult 2006) , multidimensional normal mixture modelling (Fraley & Raftery 2006) , see also Einasto et al. (2010) , and many others (see Pinkney et al. 1996 , for a review). Pinkney et al. (1996) showed that it is preferable to use several methods to search for substructure in clusters, since their sensitivity to different signatures of multimodality is different.
Several studies have shown the presence of substructure in poor and rich groups and clusters of galaxies (Solanes et al. 1999; Oegerle & Hill 2001; Kolokotronis et al. 2001; Burgett et al. 2004; Boschin et al. 2006; Flin & Krywult 2006; Barrena et al. 2007; Hwang & Lee 2007; Boschin et al. 2008; Hou et al. 2009; Vennik & Hopp 2009; Aguerri & Sánchez-Janssen 2010; Pimbblet et al. 2011; Ribeiro et al. 2011; Martínez & Zandivarez 2012; Hou et al. 2012) , and in X-ray clusters (Ramella et al. 2007; Owers et al. 2009b,a; Böhringer et al. 2010) . Tovmassian & Plionis (2009) studied the properties of poor groups from the SDSS survey and showed that many groups of galaxies are not presently in a dynamical equilibrium, but at various stages of virialization. Niemi et al. (2007) showed that a significant fraction of nearby groups of galaxies are not even gravitationally bound systems.
In this paper we study the multimodality in rich clusters drawn from the SDSS DR8. We use data about 109 clusters with at least 50 member galaxies, this is one of the largest samples of rich clusters analysed for substructure so far. We employ a number of 3D, 2D, and 1D methods to analyse the distribution of galaxies in clusters. With the principal component analysis we characterise the results of different tests simultaneously, and study the relations between the multimodality of clusters and their physical properties. We present lists of unimodal and multimodal clusters. In Sect. 2 we describe the data we used. In Sect. 3 we describe the methods to search for signatures of multimodality, and we apply them in Sect. 4 to study the properties of clusters. We discuss the results and draw conclusions in Sect. 5.
We assume the standard cosmological parameters: the Hubble parameter H 0 = 100 h km s −1 Mpc −1 , the matter density Ω m = 0.27, and the dark energy density Ω Λ = 0.73.
Data
We used the MAIN galaxy sample of the 8th data release of the Sloan Digital Sky Survey (Aihara et al. 2011) with the apparent r magnitudes r ≤ 17.77, and the redshifts 0.009 ≤ z ≤ 0.200, in total 576493 galaxies. We corrected the redshifts of galaxies for the motion relative to the CMB and computed the co-moving distances (Martínez & Saar 2002) of galaxies. The absolute magnitudes of galaxies were determined in the r-band (M r ) with the k-corrections for the SDSS galaxies, calculated using the KCORRECT algorithm (Blanton et al. 2003a; Blanton & Roweis 2007) . In addition, we applied evolution corrections, using the luminosity evolution model of Blanton et al. (2003b) . The magnitudes correspond to the rest-frame at the redshift z = 0. More details on similar data reduction for the SDSS DR7 can be found in Tago et al. (2010, hereafter T10) .
We determine groups of galaxies using the Friends-ofFriends (FoF) cluster analysis method introduced in cosmology by Turner & Gott (1976) ; Zeldovich et al. (1982) ; Huchra & Geller (1982) , and modified in Tago et al. (2008) and in T10. A galaxy belongs to a group of galaxies if this galaxy has at least one group member galaxy closer than a linking length. In a flux-limited sample the density of galaxies slowly decreases with distance. To take this selection effect into account properly when constructing a group catalogue from a flux-limited sample, we rescaled the linking length with distance, calibrating the scaling relation by observed groups (see T10 for details). As a result, the maximum sizes in the sky projection and the velocity dispersions of our groups are similar at all distances. This shows that distance-dependent selection effects have been properly accounted for. Our catalogue contains 77858 groups with at least 2 member galaxies. The richest groups in our catalogue correspond to rich clusters of galaxies. The details and availablility of the group catalogue based on SDSS DR8 are described in Tempel et al. (2012) .
In flux-limited samples galaxies outside the observational window remain unobserved. To calculate the total luminosities of groups we have to take into account the luminosities of these galaxies as well. For that, we multiply the observed galaxy luminosities by the luminosity weight W d . The distance-dependent weight factor W d was calculated as follows:
where
are the luminosity limits of the observational window at a distance d, corresponding to the absolute magnitude limits of the survey M 1 and M 2 ; we took M ⊙ = 4.64 mag in the r-band (Blanton & Roweis 2007) , and n(L) is the galaxy luminosity function. Owing to their peculiar velocities, the distances of galaxies are somewhat uncertain; if the galaxy belongs to a group, we used the group distance (mean distance of galaxies in a group) to determine the weight factor. Detailed description, how the weight factor and luminosity function are calculated can be found in Tempel et al. (2011) .
In the group catalogue the main galaxy of a group is defined as the most luminous galaxy in the r-band. We use this definition also in the present paper.
Next we select clusters for this study. The larger the number of galaxies in clusters, the more reliable is the analysis of substructure and their velocity distribution. Aguerri & Sánchez-Janssen (2010) select clusters with at least 30 member galaxies for substructure study. However, Boschin et al. (2008) argue that clusters with about 30 member galaxies are too small for the analysis of substructure (see also the discussion about the substructure statistics in small samples in Biviano et al. 2006) , although clusters with smaller numbers of galaxies have been studied for substructure (see, for example, Solanes et al. 1999; Boschin et al. 2008; Ribeiro et al. 2011) . Another problem arises with the selection effects: in the group catalogue the richness of groups decreases rapidly at distances D > 340 h −1 Mpc owing to the use of a flux-limited sample of galaxies (T10). At distances smaller than 120 h −1 Mpc the sample includes nearby exceptionally rich clusters which correspond to well-known Abell clusters (the Coma cluster, rich clusters in the Hercules supercluster and others, see T10 and Einasto et al. 2011b ). These clusters have to be analysed separately. Therefore we chose for the present analysis clusters with at least 50 member galaxies in the distance interval 120 h −1 Mpc ≤ D ≤ 340 h −1 Mpc (redshift interval 0.04 ≤ z ≤ 0.12). This sample includes all clusters from the SDSS DR8 with at least 50 member galaxies from our catalogue in this distance interval, in total 109 clusters. Figure 1 shows the richness of clusters in our sample vs. their distance.
We cross-identify groups with Abell clusters, which have acquired a role of a reference system for rich clusters. Contrary to expectations, cross-identification of (rich) SDSS DR8 groups with Abell clusters is not straightforward. Problems arise both due to different group/cluster finding procedures as well as different algorithms for components/subgroups. The Abell clusters have a constant linear radius (1.5 h −1 Mpc), while the DR8 groups obtained by a FoF procedure have various linear sizes. An Abell cluster may consist of several subclusters and/or may be the result of projections of groups from different distance (e.g. Pimbblet et al. 2011) . These facts make cross-identification difficult. We consider a group identified with an Abell cluster, if the distance between their centres is smaller than at least the linear radius of one of the clusters, and the distance between their centres in the radial (line-of-sight) direction is less than 600 km/s (an empirical value). As a result one group can be identified with more than one Abell clusters and vice versa. This can be seen in online tables, where we give data on the clusters, and the results of the tests (Table 1 and Table 2 ). In Fig. 2 we show the distributions of cluster redshifts and total luminosities, as given in Table 1 . 
Methods
In this section we decribe the methods applied in this paper to analyse the multimodality of galaxy clusters.
Multidimensional normal mixture modelling with Mclust
To search for possible components in clusters, we employ multidimensional normal mixture modelling based on the analysis of a finite mixture of distributions, in which each mixture component is taken to correspond to a different group, cluster or subpopulation. The most common component distribution considered in model-based clustering is a multivariate Gaussian (or normal) distribution. To model the collection of components, we apply the Mclust package for classification and clustering (Fraley & Raftery 2006) from R, an open-source free statistical environment developed under the GNU GPL (Ihaka & Gentleman 1996 , http://www.r-project.org). This package searches for an optimal model for the clustering of the data among models with varying shape, orientation and volume, finds the optimal number of components, and the corresponding classification (the membership of each component). Mclust calculates for every galaxy the probabilities to belong to any of the components. The uncertainty of classification is defined as one minus the highest probability of a galaxy to belong to a component. The mean uncertainty for the full sample is used as a statistical estimate of the reliability of the results. We tested how the possible errors in the line-of-sight positions of galaxies affect the results of Mclust, shifting randomly the peculiar velocities of galaxies 1000 times and searching each time for the components with Mclust. The random shifts were chosen from a Gaussian distribution with the dispersion equal to the sample velocity dispersion of galaxies in a cluster. The number of the components found by Mclust remained unchanged, demonstrating that the results of Mclust are not sensitive to such errors.
We also performed substructure analysis with Mclust using only the sky coordinates of the clusters as an additional 2D test.
DS test
Another diagnostic for substructure in clusters is the DresslerShectman (DS or ∆) test (Dressler & Shectman 1988) . The DS test searches for deviations of the local velocity mean and dispersion from the cluster mean values. The algorithm starts by calculating the mean velocity (v local ) and the velocity dispersion (σ local ) for each galaxy of the cluster, using its n nearest neighbours. These values of local kinematics are compared with the mean velocity (v c ) and the velocity dispersion (σ c ) determined for the entire cluster of N gal galaxies. The differences between the local and global kinematics are quantified by
The cumulative deviation ∆ = Σδ i is used as a statistic for quantifying (the significance of) the substructure. The results of the DS-test depend on the number of local galaxies n. Here, we have studied the substructure by using n = √ N gal , as suggested by Pinkney et al. (1996) .
If the cluster velocity distribution is close to a Gaussian, then ∆ will be of order N gal . For the case of non-Gaussian velocities, ∆ can differ significantly from N gal , even if there is no subclustering (Dressler & Shectman 1988) . Therefore, the ∆ statistic for each cluster should be calibrated by Monte Carlo simulations. In Monte Carlo models the velocities of galaxies are randomly shuffled among the positions, which effectively destroys any true correlation between the velocities and positions. We ran 25000 models for each cluster and calculated every time ∆ sim . The significance of having substructure (the p-value) can be quantified by the ratio N(∆ sim > ∆ obs )/N sim -the ratio of the number of simulations in which the value of ∆ is larger than the observed value, and the total number of simulations. The smaller the pvalue, the larger is the probability of substructure.
α test
With the α test developed by West & Bothun (1990) we analyse correlations between positions and velocities of galaxies and search for a region which differs from the overall distribution. This test gives a measure of the centroid shift for the cluster galaxies. The idea of the test is to search for a region that shows correlation between the positions and velocities that differs from that for the overall galaxy distribution. The method consists of a five different steps. At first the centroid of the system (x c , y c ) is calculated as a global mean value. Next each galaxy i gets a weight w i = 1/V i , where V i is the line-of-sight rms velocity calculated using the velocities of the galaxy and its 10 nearest members. For each galaxy 10 nearest neighbours are chosen in the velocity space and new centroid (x ′ c , y ′ c ) is calculated using the weights:
In the fourth step it is calculated how much this new centroid differs from the global centroid:
Finally the average value of α i for all galaxies is defined as the α-value. This is a measure of how much the centroid of all galaxies shifts as a result of local correlations between the positions and velocities of galaxies.
β test
We also employ 2D tests which use information about the sky positions of galaxies in clusters: the β test which studies the asymmetry in the galaxy distribution (West et al. 1988 ) and 2D normal mixture modelling with Mclust. The β test, presented in West et al. (1988) , is a test for the asymmetry in the galaxy distribution. At first, the mean distance d i for each galaxy i to its five nearest neighbours is calculated. Then a point diametrically opposite to this point is chosen and the mean distance d o in this neighbourhood is calculated as before. The asymmetry is then measured by the β-value:
To evaluate the asymmetry the average value < β > over all galaxies is calculated and any deviation from < β >≈ 0 signifies asymmetry and possible substructure. According to Pinkney et al. (1996) the β test is sensitive to the mirror asymmetry, but not to the deviations from the radial symmetry. The p-values for the α and β tests are calculated with Monte Carlo simulations as for the DS test using 25000 random sampling of galaxy coordinates in clusters.
1D tests
One indicator of multimodality in clusters is the deviation of the distribution of the galaxy velocities in clusters from a Gaussian.
To analyse the distribution of the velocities of galaxies we use several 1D tests. We tested the hypothesis about the Gaussian distribution of the peculiar velocities of galaxies in clusters with the Shapiro-Wilk normality test (Shapiro 1965) , which is considered the best for small samples. We also employed the Anderson-Darling test, which is very reliable according to Hou et al. (2009) . We calculated the kurtosis and the skewness of the peculiar velocity distributions, and used these to test for the asymmetry of the distributions of galaxy velocities. We used the Anscombe-Glynn test for the kurtosis (Anscombe & Glynn 1983) , and the D'Agostino test for the skewness (D'Agostino 1970), from the R package moments by L. Komsta and F. Novomestky.
There is, of course, no reason to assume that the velocity distributions in galaxy clusters should be exactly Gaussian. In fact, kinematic models show that the shape of the velocity distribution is defined by the ratio of different types of galaxy orbits (Merritt 1987) . The tests described above serve mostly to check if the velocity distribution is unimodal and symmetrical. Historically, they have been selected because of the easy availability of statistical tests for the Gaussian distribution; we use them to be able to compare our results with those obtained earlier.
In virialized clusters galaxies follow the cluster potential well. If so, we would expect that the main galaxies in clusters lie at the centres of groups (group haloes) and have small peculiar velocities (Ostriker & Tremaine 1975; Merritt 1984; Malumuth 1992) . Therefore the peculiar velocity of the main galaxies in clusters is also an indication of the dynamical state of the cluster (Coziol et al. 2009 ). We calculate the peculiar velocities of the main galaxies, |v pec |, the normalised peculiar velocities of the main galaxies, v pec,r = |v pec |/σ v , and analyse the location of the main galaxies in the clusters and subclusters.
Principal component analysis
We employ the principal component analysis (PCA) to analyse the results of all tests simultaneously, and to study the relations between the multimodality indicators and the physical parameters of clusters. The aim of the PCA is to study the relations between the parameters and, if possible, to find a small number of linear combinations of correlated parameters to describe most of the variation in the dataset with a small number of new uncorrelated parameters. The PCA transforms the data to a new coordinate system, where the greatest variance by any projection of the data lies along the first coordinate (the first principal component), the second greatest variance -along the second coordinate, and so on. There are as many principal components as there are parameters, but often only the first few are needed to explain most of the total variation.
The principal components PCi (i ∈ N, i ≤ N tot ) are linear combinations of the original parameters:
where −1 ≤ a(k) i ≤ 1 are the coefficients of the linear transformation, V k are the original parameters and N tot is the number of the original parameters. In the analysis the parameters are standardised -they are centred on their means, V k − V k , and normalised, divided by their standard deviations, σ(V k ). The PCA is suitable tool for exploratory data analysis, to study simultaneously correlations between a large number of parameters (see Einasto et al. 2011a , for references about applications of the PCA in astronomy).
Results
We show in Table 1 Table 1 shows that more than 80% of the clusters in our sample have multiple components, as detected by Mclust by the 3D analysis. About 75% of the clusters continue to show multiple components, if we use only the sky distribution of galaxies. More than 70% of all the clusters and more than 75% of the multicomponent clusters show statistically significant substructure according to the DS test, also; these fractions are slightly smaller for the α and β tests. The fractions of clusters with nonGaussian velocity distributions are much smaller. The reason is that in many clusters galaxies from different components in the sky coordinates have similar (nearly Gaussian) distributions of velocities (we will show below a few examples of that). Onecomponent clusters show signatures of substructure and nonGaussian velocity distributions according to the DS, α, and other tests as well, but as seen from Table 1 , the fractions of such clusters are smaller than those for multicomponent clusters. There are three clusters for which p AD ≤ 0.05, but p SW ≥ 0.05, and eight clusters with p SW ≤ 0.05, but p AD ≥ 0.05. Hou et al. (2009) showed that the AD test is very reliable; in our study the SW test detected non-Gaussian velocity distributions in a larger number of clusters, but there are also clusters for which the AD test found significant non-Gaussianity in the velocity distributions of galaxies, but the SW test did not.
Comparison with other studies shows that Ramella et al. (2007) found substructure in 73% of X-ray clusters which is very close to what we found by 2D normal mixture modelling. Solanes et al. (1999) , Oegerle & Hill (2001) , and Aguerri & Sánchez-Janssen (2010) found with the DS test that 30-50% of clusters have significant substructure. Flin & Krywult (2006) detected substructure in about 1/3 of Abell clusters studied by them using wavelet analysis. About 20-30% of clusters have non-Gaussian velocity distributions, as shown with the AD test or other 1D tests (Solanes et al. 1999; Oegerle & Hill 2001; Hou et al. 2009; Ribeiro et al. 2011; Martínez & Zandivarez 2012) . Figure 3 shows the distributions of the peculiar velocities v pec and normalised peculiar velocities v pec,r of the main galaxy in clusters, separately for one-component and multicomponent clusters. The peculiar velocity and normalised peculiar velocity distributions for main galaxies of one-component clusters we see a maximum at velocities less than 250 km/s (0.5 for the normalised peculiar velocities), followed by another maximum at larger velocities. Checking the distributions of galaxies in the clusters shows that in these clusters where the main galaxy has a peculiar velocity less than 250 km/s, it is located in a component close to the central part of the cluster. If the peculiar velocity is higher, the main galaxy is located at the edge of the cluster, in multicomponent clusters typically in another component. Table 1 shows that in about half of the multicomponent clusters the peculiar velocity of main galaxy is larger than 250 km/s (0.5 for normalised peculiar velocities). There is a clear difference between the median values of the peculiar velocities and normalised peculiar velocities of the one-component and multicomponent clusters -these velocities are much larger in the multicomponent clusters. This agrees with the results of Coziol et al. (2009) who found that the median value of the normalised peculiar velocities of main galaxies in the Abell clusters is 0.32, which is between the values found in this study. Figure 4 shows the 2D distance of the main galaxy from the cluster centre, both for the multicomponent and one-component clusters. It is well seen that in multicomponent clusters a large fraction of main galaxies are located far away from the cluster centre (grey dotted line). However, when looking at the components found by 3D normal mixture modelling, we see that the main galaxies of clusters are preferentially located close to the centre of one of the components red solid line). The distribution of distances from the component centre for the brightest galaxies Distance from (sub)cluster centre (h -1 Mpc)
Peculiar velocities of cluster main galaxies
Cluster main galaxies: cluster centre Cluster main galaxies: component centre Component main galaxies: component centre Unimodal cluster main galaxies Unimodal cluster top3 galaxies Fig. 4 . Distribution of the distance of the main galaxy from the cluster (subcluster or component) centre for various subsamples of galaxies. Multicomponent clusters: grey dotted line -the distance of the main galaxy from the cluster centre; red solid line -the distance of the main galaxy from the (nearest) component centre; blue dashed line -the distance of the brightest galaxy in a component from the component centre. One-component clusters: dark green long-dashed line -the distance from the cluster centre; light green dotted-dashed line -the minimum distance of one of the three brightest galaxies from the cluster centre.
in the components (Fig. 4) shows that these galaxies are also located preferentially close to the component centre (blue dashed line). The distribution of the distances of the main galaxy from the cluster centre in one-component clusters (Fig. 4 , dark green long-dashed line) shows that more than a half of the main galaxies are located near the cluster centre, but there is also a substantial number of main galaxies, which are further away from the cluster centre. We calculated also the minimum distance from the cluster centre for three brightest galaxies in the onecomponent clusters. As seen from Fig. 4 (light green dotteddashed line), one of the three brightest galaxies in clusters is always located close to the cluster centre. This shows that the central galaxy of a cluster is typically one of the most luminous galaxies, but not always the most luminous one.
Comparison of the results of different tests
In Figure 5 we compare the following properties of clusters: the number of components determined by the 3D version of Mclust, the peculiar and normalised peculiar velocities of main galaxies, and the Gaussianity of the velocity distribution of galaxies in clusters, as estimated by the Anderson-Darling and ShapiroWilk tests. Here we see that we have clusters consisting of up to eight components. The peculiar velocities of the main galaxies may be large both in the clusters with one component and with multiple components, as was seen also in Fig. 3 . There are six clusters with five or more components, but only two of them have non-Gaussian velocity distributions of galaxies according to both tests (both are five-component clusters with v pec ≈ 280 km/s, so their symbols coincide in Fig. 5) . Figure 6 compares the results of the DS test and the 3D component analysis. Symbol sizes indicate the values of the peculiar velocities of the main galaxies in the clusters. Figure 6 shows that many multicomponent clusters, for which the DS test finds . Peculiar velocities of main cluster galaxies and the number of separate components in the clusters. Large symbols mark clusters with a non-Gaussian velocity distribution of galaxies (p AD < 0.05 and p SW < 0.05). Empty circles denote clusters with normalised peculiar velocities of their main galaxies v pec,r < 0.5, filled circles denote clusters with v pec,r > 0.5. the presence of substructure, have large peculiar velocities of the main galaxes. There are seven one-component clusters after Mclust, for which the DS test suggests that these clusters have significant substructure (see also Table 1 ). Visual analysis of these clusters shows that these clusters have tails in their velocity distribution, and for some of these clusters the AD and/or SW tests also suggest a non-Gaussian distribution of galaxy velocities. There are 22 multicomponent clusters in our sample, which according to the DS test have no significant substructure. Our analysis showed that these clusters have components in the 6 sky distribution of galaxies with similar distributions of velocities. Thus while Mclust finds better the components in the sky distribution of galaxies, the DS test is more sensitive to the possible substructure in the velocity distribution. Figure 7 compares the results of the β test and the 2D component analysis with Mclust. The maximum number of components detected in the sky coordinates is slightly smaller than that found using both the sky coordinates and the velocities of galaxies. Figure 7 shows that there are multicomponent clusters without significant asymmetry (p β > 0.05) and with large peculiar velocities of main galaxies (30 clusters). Comparison with the results of the DS test shows that 20 of these clusters have significant substructure, according to this test. There are 12 multicomponent clusters with significant asymmetry in the sky distribution of galaxies, according to the β test, but without significant substructure, according to the DS test, showing that the velocity distribution of galaxies in different cluster components is similar. Next we will use the principal component analysis to compare the results of all tests simultaneously. We will use logarithmic scale for the peculiar velocities of main galaxies, this makes their range smaller. Figure 8 and Table 2 show the results of this analysis. In the biplot (Fig. 8) the arrows represent the axes where each original variable lies, and their length is proportional to their importance within each PC. In calculations we use 1 − p instead of the p-value -larger values of 1 − p suggest a higher probability to have substructure, therefore in this case the arrows corresponding to the number of the components in 3D and 2D point towards the same direction as the arrows corresponding to the DS, α, and β tests. The locations of clusters in the PC space are also plotted. In Table 2 we give the values of the principal components and the standard deviations, the proportion of variance, and the cumulative variance of the principal components. The values of the components show the importance of the original parameters in each PCi.
In Fig. 8 the arrows corresponding to the 3D and 2D tests are oriented towards about the same direction, the arrows corresponding to the 1D tests are pointed at a direction almost at the right angle to this, and form another set. This suggests that the results of the 3D and 2D tests are correlated, as well as the results of 1D tests among themselves. Among the 3D and 2D tests the highest importance in first two principal PCA components have the numbers of components determined with normal mixture modelling, followed by the DS test. The α and β tests are of almost equal importance. Among the 1D tests, the results of the Anderson-Darling and the Shapiro-Wilk tests have equal importance in determining the non-Gaussianity of the velocity distribution. Table 2 shows that seven principal components are needed to explain more than 90% of the variance in the parameters, thus there is no one dominant test which could find most of the information about multimodality of the galaxy distribution in clusters. Different types of clusters populate different regions in the PC1-PC2 plane. Unimodal clusters with Gaussian distribution of velocities are located in the upper lefthand part of the plot and have larger PC2 and larger negative PC1 values (for example, the clusters 608 and 58604). Multimodal clusters populate the lower righthand area of the biplot (the clusters 34727 and 914). Clusters with small values of the peculiar velocities of main galaxies, with a Gaussian distribution of velocities, but with a large number of components populate the lefthand lower area of the PC1-PC2 plane (the clusters 29348 and 4744). Multimodal clusters with large peculiar velocities of main galaxies and with non-Gaussian velocity distributions are located in the upper righthand area of the plane (the clusters 4122, 23374 and others).
Examples of multimodal and unimodal clusters
In our sample there are eight clusters which show signatures of non-Gaussianity in their galaxy distribution by all the tests. They have multiple components, the 3D and 2D tests confirm the presence of substructures and of asymmetry, and their velocity distributions differ from Gaussian at a very high statistical significance: the clusters 880, 4122, 28387, 34726, 58305, 67297, 68625, and 73088 . Many clusters with multiple components are missing from this list, for example the cluster 914, a well-known binary merging Abell cluster A1750 in the Sloan Great Wall (Einasto et al. 2010 (Einasto et al. , 2011c , and references therein), because in many multicomponent clusters galaxies from different components have similar distributions of velocities. Figure 9 shows the distribution of galaxies in a cluster with four components, the cluster 34726, and in the cluster 914 with five components.
The cluster 34726 is one of the two clusters in our sample which can be identified with the Abell cluster A2028 in sky projection, another one is the cluster 34727. A2028 is a merging X-ray cluster with substructure (Flin & Krywult 2006; Gastaldello et al. 2010) , which redshift close to the redshift of our cluster 34727. This is one example of projections in the Abell cluster catalogue. Figure 9 (upper row) shows that the sky distribution of galaxies in the cluster 34726 has two main components. In one of them the concentration of galaxies is especially high. This component is well seen in the distribution of velocities where very large velocity dispersion suggest a fingerof-god effect (right panel). Here also according to the DS test the probability of substructure is high. The α and β tests confirm the presence of substructure and asymmetry in the distribution of galaxies, the AD and SW tests show non-Gaussianity of the distribution of velocities of galaxies in this cluster. The peculiar velocity of the main galaxy is small.
The cluster 914 (Fig. 9 , lower row) that corresponds to the Abell cluster A1750 is a well-known merging binary X-ray cluster (Donnelly et al. 2001; Belsole et al. 2004; Burgett et al. 2004; Hwang & Lee 2009; Einasto et al. 2010) . In this cluster we see even five components. The DS test shows that the probability of substructure is the largest in the component where the main galaxy is located (Fig. 9, lower left panel) . The peculiar velocity of the main galaxy is large. Other 3D and 2D tests confirm the presence of substructure and an asymmetrical galaxy distribution in A1750. Galaxies from different components in this cluster have similar velocity distributions, so according to the AD and SW tests their distribution is Gaussian (for details and references we refer also to Einasto et al. 2010 ).
Next we list the clusters for which all tests confirm unimodality and the Gaussian velocity distribution of galaxies: 608, 5217, 25078, 39914, 50129, 58604, and 67116. In Fig. 10 we plot the distribution of galaxies in two of them -in the cluster 58604, and in the cluster 60539 (A1516, the richest cluster in the supercluster SCl 111 in the Sloan Great Wall, described in Einasto et al. 2010 ). For the cluster 58604 all our tests confirm that this is an unimodal cluster. The peculiar velocity of the main galaxy is rather large for an unimodal cluster, about 200 km/s. The cluster A1516 has the most regular ellipsoidal sky distribution of galaxies among the clusters in our sample, with a small peculiar velocity of the main galaxy. However, the distribution of velocities in the central part of the cluster shows an excess of negative (in respect of the cluster center) velocities, and according to the DS and α tests this cluster may have substructure (see also an analysis of this cluster in Einasto et al. 2010 ). This may be a signature of a line-of-sight merger (see also Pinkney et al. 1996) .
In Tables A.1 -A.4 we present the data about the most unimodal and most multimodal clusters, as well as data about the clusters with at least five components, and about those onecomponent clusters for which the DS test found significant substructure.
Non-Gaussianity parameters and physical properties of clusters
The principal component analysis can help us to study the relation between the physical parameters of clusters and the presence of substructure. In these calculations we include the number of components as determined with the 3D normal mixture modelling, the p-value for the DS test, p ∆ , the peculiar velocity of the main galaxy in a cluster, V pec , the number of galaxies in a cluster, N gal , the total luminosity of a cluster, L tot , the virial radius of a cluster, r vir , and the rms velocity of the cluster galaxies. We again use 1 − p ∆ , and use logarithms of the peculiar velocities of main galaxies and of the physical parameters. Figure 11 and Table 3 show the results of this analysis. In Fig. 11 the arrows corresponding to the tests for substructure and the arrows corresponding to the physical parameters of clusters do not point to the same direction -the correlations between the parameters are not strong, when we consider all parameters simultaneously. The coefficients of the first principal component in Table 3 show that the physical parameters are of larger importance than the substructure indicators. The coefficient corresponding to the luminosity of a cluster is the largest, but the differences between the values of the coefficients are not large, so there is no single dominant parameter. Among the coefficients of the second principal component the number of components has the largest (absolute) coefficient. Among the coefficients of the third principal component the peculiar velocities of the main galaxy, and the rms velocity of galaxies in a clus- ter are of equal importance. In Fig. 11 the arrow corresponding to the peculiar velocity of the main galaxy in a cluster points to the same direction as the arrow for the rms velocity of a cluster, showing that these velocities are larger in clusters with larger rms velocities. These clusters are also richer. Table 3 shows that the first principal component accounts for almost 38% of the variance of parameters. Five principal components are needed to explain more than 90% of the variance of the parameters -clusters are complicated objects, the properties of which cannot be explained with a small number of parameters (in contrast to superclusters which can be described with a small number of parameters, see Einasto et al. 2011a ).
In the PC1-PC2 plane one-component clusters with a Gaussian distribution of velocities are located at the upper lefthand part of the plot and have larger PC2 and smaller (larger negative) PC1 values (for example, the clusters 608 and 28508). Multicomponent clusters of high luminosity populate the lower and middle righthand area of the biplot (the clusters 34727 and 914). Less luminous multicomponent clusters populate the lefthand lower area of the PC1-PC2 plane (the clusters 11474 and 11015). One-component clusters with large rms velocities of galaxies populate the upper righthand area of the plane (the clusters 16350, 17210, and others).
We checked for pairwise correlations between the physical parameters of clusters and the substructure characteristics and found that correlations between the number of galaxies in clusters, the total luminosity of clusters, the virial radius of clusters, and the numbers of components and the presence of substructure according to the 3D and 2D tests are statistically highly significant -richer, larger and more luminous clusters have a larger amount of substructure.
Discussion and conclusions

Comparison with other studies
An increasing number of studies have shown recently the presence of substructure in groups and clusters of galaxies determined using optical or X-ray data (see references in Sect. 1). We detected multiple components in more than 80% of the clusters using multidimensional normal mixture modelling. Comparison with other studies in Sect. 4 showed that although this is a higher fraction of multimodal clusters than found in other studies, comparison of the fractions of clusters with substructure or with nonGaussian velocity distributions determined with similar methods gives the results in a good agreement with others. This supports our choice of the parameters for the FoF algorithm for group definition and suggests that in our catalogue groups with substructure are real groups and not complexes of small groups, artificially linked together by an unreasonable choise of linking parameters.
The fractions of clusters with substructure found in X-ray clusters by Ramella et al. (2007) is almost the same that we found with the 2D normal mixture modelling. In these studies there are eight common clusters; in seven of them substructure have been detected in both studies. Ramella et al. (2007) found two components in A602 (cluster 43545), this is unimodal cluster according to our calculations. In the sky distribution this cluster has a very elongated shape; this may be visible in X-rays as two components.
Comparison with Flin & Krywult (2006) shows that they detected substructures in all 14 clusters common for both studies; we found multiple components in 12 clusters. A1809 (our cluster 67116) is an unimodal cluster according to Mclust, although the DS and α tests detected substructure at the 90% significance level. We detected no substructure in A1650 (25078) while Flin & Krywult (2006) mention that there is one group of galax-ies in the field of the galaxies in this cluster. Therefore, an overall agreement between the results of our study and Flin & Krywult (2006) is very good, considering that the sample selection and the methods to analyse modality of clusters are different.
The cluster A1750 (our cluster 914) has been studied for substructure by other authors, too. We mentioned above that the components found in this cluster by us coincide well with those found in other studies (see Einasto et al. 2010 , for details). We found an especially good agreement between our results and those by Burgett et al. (2004) and Hwang & Lee (2009) .
We have three common clusters with those searched for rotation by Hwang & Lee (2007) . We found that all of them (A1035, A1139, and A2169; these are our clusters 20159, 3714, and 12508) are multimodal clusters which agrees with the results of the DS test by Hwang & Lee (2007) . They also suggest that the clusters A1139 and A2169 may be rotating or merging. We have also five common clusters with those studied by Burgett et al. (2004) using data from the 2dFGRS. All of them (A1139, A1238, A1620, A1663, and A1750, these are our clusters 3714, 4744, 24554, 24829, and 914) are multimodal clusters, as found in both studies. Eight of ten common clusters with those studied by Oegerle & Hill (2001) are multimodal in our study, for one unimodal cluster (A2089, our cluster 39914) the p ∆ = 0.051 that shows the presence of substructure, as found in Oegerle & Hill (2001) , but not at a very high significance level.
We showed that the peculiar velocities of main galaxies in a large fraction of clusters are large, and the most luminous galaxy (cluster main galaxy) is often not located close to the cluster centre. This means that the most luminous galaxies in clusters are not the central galaxies. Actually, there is no stringent reason for that. In the merger scenario, the clusters form through merging of smaller groups/clusters. The main galaxy in a new cluster is one of the main galaxies of the merged clusters. As pointed out in Tempel et al. (2009) , the second luminous galaxies in rich clusters have been main galaxies before the latest merger event between the clusters. In this study, we analyse the richest clusters in the SDSS sample, and such rich clusters form through merging of other clusters. The presence of substructure in these clusters supports this idea. For the main galaxies this means that the main galaxies in rich clusters have not yet found their place in the cluster centre, they are still located close to the centres of their parent clusters (subclusters of the new cluster). Large distances from the cluster centres and large peculiar velocities of the brightest galaxies in clusters indicate that clusters are not yet fully virialized after the last merger. Similar results were obtained by Einasto et al. (2010 Einasto et al. ( , 2011c in the study of groups in the Sloan Great Wall.
Cosmological simulations show the merging and growth of dark matter haloes (Richstone et al. 1992; Mo & White 2002; McIntosh et al. 2008; Fakhouri et al. 2010; Power et al. 2011 , and references therein). The late time formation of the main haloes and the number of recent major mergers can cause the late time subgrouping of haloes (Smith & Taylor 2008; Einasto et al. 2010; Power et al. 2011) .
The principal component analysis of the substructure indicators suggests that the results of the 3D and 2D tests are correlated, as well as the results of the 1D tests. Among the 3D and 2D tests the highest importance have the 3D normal mixture modelling and the DS test. With the 3D tests we detected the largest fraction of clusters with substructure, followed by the 2D tests. The PCA showed that there is no single dominant test which could find most of the information about multimodality of the galaxy distribution in clusters. Also Pinkney et al. (1996) concluded that the higher the dimensionality of the test, the higher is the probability to detect substructure. However, the tests are sensitive to the different aspects of substructure and to nonGaussianity, thus it is preferable to use several tests of different dimensionality.
Richer, larger and more luminous clusters have a larger amount of substructure. The principal component analysis using both the substructure indicators and the physical parameters of clusters showed that five principal components are needed to explain more than 90% of variance in data -galaxy clusters are complicated objects, the properties of which cannot be explained with a small number of parameters, as was shown recently also by Jeeson-Daniel et al. (2011) and Skibba & Macciò (2011) by the PCA analysis of dark matter haloes.
Cosmological simulations show that the fraction of substructure is higher in high-redshift haloes (Giocoli et al. 2010) . Swinbank et al. (2007) and Gal et al. (2008) found evidence of substructure in clusters of high-redshift superclusters at z ≈ 0.9. More data about high-redshift clusters is needed to make a statistical comparison.
Current theories of the formation and evolution of galaxies, and galaxy groups and clusters tell that galaxies and their systems form in virialised dark matter haloes (White & Rees 1978; White & Frenk 1991) , which grow hierarchically by merging of smaller mass haloes (see, e.g., Loeb 2008 ). The halo model of group and cluster properties and clustering has been successful in explaining several properties of groups and clusters, their galaxy population, and clustering (Berlind & Weinberg 2002; Berlind et al. 2006; van den Bosch et al. 2007; Skibba 2009 , and references therein). The halo model has been also used in studies of the structure of superclusters (Einasto et al. 2011c ). In virialised clusters galaxies follow the gravitational potential and the main galaxies of clusters (their brightest galaxies) lie at the centers of clusters and have small peculiar velocities (Ostriker & Tremaine 1975; Merritt 1984; Malumuth 1992; Berlind & Weinberg 2002; Yang et al. 2005) . The most important halo parameter is the halo mass, although several studies have shown that other parameters are also important in shaping the properties of dark matter haloes, like the formation time, concentration and others (Jeeson-Daniel et al. 2011; Skibba & Macciò 2011; Croft et al. 2011, and references therein) .
We showed that a significant fraction of the main galaxies in clusters have large peculiar velocities, and more than 80% of clusters in our sample have substructure and/or non-Gaussian velocity distributions. Knebe & Müller (2000) applied the DS statistics to search for substructure of clusters in numerical simulations. They studied clusters from a set of cosmological models and found that in all models, the DS test detected significant substructure in 30-40 % of clusters, which is about half of what we found in this study. The high fraction of clusters with substructure and large peculiar velocities of main galaxies show that clusters are not in dynamical equilibrium. We also found that galaxy clusters are complicated objects, the properties of which cannot be explained with a small number of parameters. These differences between observations and simulations do not fit well into the halo model framework and have yet to be explained.
Conclusions
We searched for substructure and non-Gaussian velocity distributions in rich clusters drawn from the SDSS DR8. We present lists of unimodal and multimodal clusters. Our conclusions are as follows. 1) We showed, using a number of tests, that more than 80% of rich clusters have substructure and/or non-Gaussian velocity distributions of galaxies. 2) The peculiar velocities of the main galaxies in clusters, and their distances from the cluster centre are large, especially in clusters with multiple components. In multicomponent clusters the brightest galaxies are typically located near the centre of one of the components. 3) The largest number of clusters with substructure was detected by multidimensional normal mixture modelling, followed by the Dressler-Shectman test. 4) Principal component analysis shows that there is no one dominant test which could find most of the information about the multimodality of galaxy distribution in clusters. Different tests are sensitive to different signatures of multimodality, therefore it is important to use several tests to search for substructure in clusters. 5) Richer, larger, and more luminous clusters with larger rms velocities have larger amount of substructure and larger (normalised) peculiar velocities of the main galaxies. 6) Principal component analysis using both substructure indicators and the physical parameters of clusters showed that galaxy clusters are complicated objects, the properties of which cannot be explained with a small number of parameters. 7) Our results show that simple halo model do not explain all the properties of observed clusters. The halo model assumes that haloes (clusters) are virialised, while we found that they are not. Also, the fraction of observed clusters with substructure is larger than that found in simulations.
The presence of substructure, large distances of main galaxies from the cluster centre, and their large peculiar velocities is a sign of mergers and/or infall, and suggests that most clusters in our sample are not yet in dynamical equilibrium. The high frequency of such clusters tells that mergers between groups and clusters are common -galaxy groups continue to grow and are still assembling. Our unimodal clusters are examples of clusters which are probably already in dynamical equilibrium and therefore can be used in the studies of cluster characteristics like mass estimation, analysis of concentration and others reliably.
To understand better the properties of galaxy clusters and hence the formation and evolution of the structures in the Universe we plan to analyse in detail galaxy populations in different cluster components, and the connection of the properties of clusters and the environment where they reside. Notes. Columns are as follows: 1: ID of the cluster; 2: the number of galaxies in the cluster, N gal ; 3-4: cluster right ascension and declination; 5: cluster comoving distance; 6: cluster total luminosity; 7: rms velocity of galaxies in the cluster; 8: cluster virial radius; 9: Abell ID of the cluster. Notes. Columns are as follows: 1: ID of a cluster; 2: the number of galaxies in a cluster, N gal ; 3: the peculiar velocity of the main galaxy (kms −1 ), 4: the normalised peculiar velocity of the main galaxy, v pec /σ v ; 5: the number of components in 3D in a cluster, N comp ; 6: the median uncertainty of classification (hereafter 1 · 10 −3 denotes the value < 1 · 10 −3 ); 7: the p-value for the DS test; 8: the p-value for the α test; 9: the number of components in 2D in a cluster, N comp ; 10: the median uncertainty of classification in 2D; 11: the p-value for the β test; 12: the p-value for the AD test; 13: the p-value of the SW test; 14: the p-value for the kurtosis test; 14: the p-value for the skewness test. Notes. Columns are as follows: 1: ID of the cluster; 2: the number of galaxies in the cluster, N gal ; 3-4: cluster right ascension and declination; 5: cluster comoving distance; 6: cluster total luminosity; 7: rms velocity of galaxies in the cluster; 8: cluster virial radius; 9: Abell ID of the cluster. 
Notes.
Columns are as follows: 1: ID of the cluster; 2: the number of galaxies in the cluster, N gal ; 3-4: cluster right ascension and declination; 5: cluster comoving distance; 6: cluster total luminosity; 7: rms velocity of galaxies in the cluster; 8: cluster virial radius; 9: Abell ID of the cluster. 
